Introduction
Learni ng from failures is an essentia l element of st ructural engineering, as well as m,1ny other engineering professions. As reti red Professor Oswald Rendon -Herrero of Mississippi State University has observed, "What sort of doctor wo uld study only healthy per sons7" [ I I. The author coined t he term "failure literacy" for the concept t hat engineering students and practicing engineers must possess a working knowledge of landmark failures and of how fail ures have informed and changed the practice of engineering [2,3 J . ''This literacy entails knowing about the critical historical failure cases that have shaped the profession, not merely the surface tech nical dera ils, but the environment. the communications difficulties and the procedural issues" [2 J. All engineers, and more p.1rticularly structural engineers, should be failu re literate. The objective of this p.1per is to review the purpose and importance offailure li teracy. as well as implementation of failure literacy in the civil engineeri ng university curriculum.
In some engineeri ng d isciplines, such as mechanical. aerospace, and electrical e ngi neering. it is possible to build and thoroughly test prototypes before putting adesign into production. That is not practiedl for structures. It is difficult and expensive even to test a s mall part of a building or bridge.
Therefore. si nce it is not possible to t horoug hly test a stru ctural deSign in advance, it is important to know what failure modes are likely to apply throug h knowledge of past failures of simi lar designs and systems. It is important to consider history a nd failu re analysis in the context of design. Design can be viewed very simply as a two-step process:
I. Figure out everything 
Landmark structural failures
An earlier p.1per [2 1 listed a series of la ndmark structural fail ures, mostly from a US perspective. The structural failures occurred in the US. unless otherwise noted below. and ha ve often been well documented in investigation reports and technical papers. These are. in chronological order.
• The Quebec bridge collapse, 1907 (Canada) [4-6 1.
• The Tacoma Narrows bridge collapse, 1940.
• In addition to technical issues, concepts such as professional and ethical responsibility are highlighted by the cases. There are also a number of recent international cases of interest. These in clude the Sampoong Super Store collapse in Seoul, Republic of Korea [14] , and the Laval, Quebec, Canada bridge overpass col lapse [15] .
This list, unfortunately, is a living document that will expand as more failures occur. Thorough forensic investigations are vital to capture the lessons from the unfortunate occurrences.
Typical case study elements
Typical elements of the failure case studies are [3] :
• Introduction.
• Description of the design and construction of the project.
• Narrative describing the failure.
• Discussion of any investigations undertaken and the results.
This may include a review of who the investigators were, who hired them (and why), and any limits on the scope of the investigation.
• Technical lessons learned. Special attention is paid to any changes in engineering codes or procedures.
• Procedural and ethical lessons learned, particularly legal reper cussions.
• Educational aspects of the case.
• A detailed reference list including investigation reports, pub lished papers, and newspaper and journal accounts.
Developing failure literacy worldwide
In the US, the National Science Foundation (NSF) and the American Society of Civil Engineers Technical Council on Forensic Engineering (ASCE TCFE) have been providing funding and support for promoting failure literacy in engineering education through various projects for over a decade. Some early efforts were documented in a 2002 state-of-the-art paper [16] .
Starting in 2003, a series of half-day and one-day workshops on integrating failure case studies in engineering education has been held annually at a number of different locations in the US [17] . These workshops were geared toward university faculty in civil en gineering and related disciplines, with a total of over 100 partici pants over the years. Under the auspices of ASCE TCFE, a half-day workshop was held in London, UK, in December 2008 and a twoday extended workshop was held in Cartago, Costa Rica, in July 2009.
After a few years, the question arose as to whether the incorpo ration of failure case studies into engineering education had a mea surable beneficial impact. Fortunately, the NSF funded research into this issue, starting in 2005. Failure case studies were incor porated into courses at Cleveland State University in Strength of Materials and Construction Planning and Estimating, in the second and fourth year of the curriculum, respectively [18] . Students in the classes took part in surveys and focus groups, using questions geared to the US Accreditation Board for Engineering and Technol ogy (ABET) accreditation standards [19] .
In the Strength of Materials course, the case studies included the 1907 Quebec bridge collapse and the 1967 Point Pleasant bridge collapse, as well as others. Students were provided with copies of the relevant technical papers concerning these cases [6, 7] . In the Construction Planning and Estimating course, the cases included the economic problems of the Montreal Olympics of 1976 and the Hyatt Regency walkway collapse of 1981.
Survey results were reported on a 1-5 scale, with 5 the most favorable result (strongly agree). In response to the 2007 surveys, the students reported that the failure case studies contributed to (averages in two different courses) [18] :
• ability to apply knowledge of mathematics, science, and engineering (4.33, 4);
• understanding of professional and ethical responsibility (4.33,
4.75);
• broad education necessary to understand the impact of engineering solutions in a global and social context (4.22, 3.75);
• recognition of the need for, and an ability to engage in, life-long learning (3.67, 4.25);
• knowledge of contemporary issues (4, 4) ; and • ability to use the techniques, skills, and modern engineering tools necessary for engineering practice (3.67, 4.25).
The surveys were repeated in 2008 and the results were similar. These questions were taken verbatim from the ABET accreditation standards [19] . The students also agreed that the case studies made substantial contributions to their interest in and understanding of the course material. The focus groups identified additional benefits to the use of case studies. Students observed that the cases helped build engineering identity, and provided historical understanding. They also reported that the cases made the technical information relevant and linked theory to practice [18] .
Resources for failure literacy
The research into use of failure cases also produced a book, Beyond Failure [3] , and a project web site, http://matdl.org/ failurecases/ [20] . The project web site was prepared along with the book. The web site includes a master bibliography, a discussion of the faculty case study workshops, a chronological listing of case studies, a list of course pages, and information for faculty. This list is also subdivided into building, bridge, dam, and other case stud ies. Many of the cases, such as the Quebec bridge, can be used in many different courses, and thus show up on several web pages. The web site is not merely a web version of the book. The book has more detail about many of the cases. There are also short cases on the web site which are not in the book. The two are intended to complement each other.
Although these resources were developed for educators and students, they are also of considerable interest and value for prac ticing engineers. In many US licensing jurisdictions, registered pro fessional engineers are required to attend a minimum of 15 h per year of continuing education to maintain licensure. This provides a means to embed failure literacy into the engineering profession.
Summary and conclusions
The history of the development of practice in many engineering disciplines is, in large part, the story of failures, both imminent and actual, and of the changes to designs, standards and procedures made as the result of timely interventions or forensic analyses. In addition to technical issues, concepts such as professional and ethical responsibility are highlighted by the cases. Pilot studies have been carried out over several semesters in order to assess the use of failure case studies in civil engineering and engineering mechanics courses. A number of educational resources have been developed to make it easier for engineering students and practicing engineers to learn from failures.
Although engineering is typically regarded as technical work, in reality it is a form of communication. Engineers communicate their vision of a structure and how it should perform through drawings and specifications. Thus, expanding failure literacy also includes understanding how errors in communication and management can be as dangerous as technical errors.
Failure literacy builds a broad awareness of all of the things that can go wrong on a construction project. Awareness brings care, and hopefully that care and caution will enable the engineer and the project team to avoid future failures. This is necessary not only for design, but also for the construction and maintenance phases of projects.
